Purpose: Synthetic tissue equivalent (STE) materials currently used to simulate tumor and surrounding tissues for IROC-Houston's anthropomorphic head and thorax QA phantoms cannot be visualized using magnetic resonance (MR) imaging. The purpose of this study was to characterize dual MR/CTvisible STE materials that can be used in an end-to-end QA phantom for MR-guided radiotherapy (MRgRT) modalities. Methods: Over 80 materials' MR, CT, and dosimetric STE properties were investigated for use in MRgRT QA phantoms. The materials tested included homogeneous and heterogeneous materials to simulate soft tissue/tumor and lung tissues. Materials were scanned on a Siemens' Magnetom Espree 1.5 T using four sequences, which showed the materials visual contrast between T1-and T2-weighted images. Each material's Hounsfield number and electron density data was collected using a GE's CT Lightspeed Simulator. Dosimetric properties were examined by constructing a 10 9 10 9 20 cm 3 phantom of the selected STE materials that was divided into three sections: anterior, middle, and posterior. Anterior and posterior pieces were composed of polystyrene, whereas the middle section was substituted with the selected STE materials. EBT3 film was inserted into the phantom's midline and was irradiated using an Elekta's Versa 6 MV beam with a prescription of 6 Gy at 1.5 cm and varying field size of: 10 9 10 cm 2 , 6 9 6 cm 2 , and 3 9 3 cm 2 . Measured film PDD curves were compared to planning system calculations and conventional STE materials' percent depth dose (PDD) curves. Results: The majority of the tested materials showed comparable CT attenuation properties to their respective organ site; however, most of the tested materials were not visible on either T1-or T2-weighted MR images. Silicone, hydrocarbon, synthetic gelatin, and liquid PVC plastic-based materials showed good MR image contrast. In-house lung equivalent materials made with either siliconeor hydrocarbon-based materials had HUs ranging from: À978 to À117 and À667 to À593, respectively. Synthetic gelatin and PVC plastic-based materials resembled soft tissue/tumor equivalent materials and had HUs of: À175 to À170 and À29 to 32, respectively.
INTRODUCTION
Advances in radiation oncology have drastically evolved over the past decade. Among the many changes, one of the most prominent additions is the use of onboard imaging in conjunction with a radiation therapy treatment modality (i.e., cone-beam CT-guided linear accelerator). While the integration of cone-beam CT (CBCT) with a modern linear accelerator enables patient set-up verification and target localization, this imaging modality is often limited to interfraction set-up verifications. [1] [2] [3] Several research collaborations were initiated several years ago to integrate a magnetic resonance imager (MR) with either a 60 Co unit or a linear accelerator as a new form of image-guided radiation therapy. 2, 4 In comparison with CBCT, the integrated MR can provide images with superior soft tissue contrast, permit real-time imaging, and not cause any additional radiation dose. The incorporation of a magnetic resonance-guided radiation therapy (MRgRT) modality into the clinic can provide visualization for both intrafractional and interfractional target motion.
In the United States, there are two MRgRT systems: the Unity developed by Elekta/Philips (Elekta, Crawley, United Kingdom and Philips, Amsterdam, Netherlands) which is not yet in clinical use and the ViewRay MRIdian (ViewRay, Oakwood Village, OH, USA) which is in clinical use. The Unity system is equipped with an Elekta 7 MV linear accelerator that is located in between a Philips' 1.5 T MR scanner. Due to the active shielding on the superconducting magnets, a low magnetic field toroid is created, which enables a linear accelerator to be positioned and operate in between the two magnets with only a minimal magnetic effect. 5, 6 In contrast, the MRIdian is a radiation therapy (RT) treatment machine with three independent 60 Co sources located in between a split 0.35 T superconducting MR imager. 7 Each of the three 60 Co treatment heads is equipped with a double-focused multileaf collimator; thus, permitting the MRIdian unit to have a comparable penumbra and dose rate as a conventional 6 MV linear accelerator. 7 Additionally, ViewRay has developed a linac-based version of the MRIdian system. The MRIdian Linac, which was FDA approved in February 2017, is an upgraded system that incorporates a 0.35 T superconducting magnetics with a 6 MV linear accelerator.
Both MRgRT systems have the ability to provide real-time imaging and deliver adaptive RT. Despite the innovation and potential benefits of using a MR unit for MRgRT treatments, there are challenges that limit a MR-only RT workflow. Two of these include: (a) the inability to easily determine the patient's electron density for treatment planning dose calculations and (b) geometric distortions produced on MR images. [8] [9] [10] [11] [12] Conventionally, the patient's electron density is indirectly determined through a bi-linear relationship between the linear attenuation data collected from a CT and the material's respectively density. Unlike CT, where images are created from back projections of photons penetrating the body, MR does not use radiation to produce an image and solely relies on small fluctuations of the materials' net magnetic moment. Due to the inherent differences in the acquisition process of MR and CT, the linear attenuation data are not collected in MR. Therefore, current MR scanners are unable to indirectly measure electron density from one scan. Additionally, it is critical to know the exact size and location of a patient's anatomy in RT. MR images commonly misrepresent actual patient anatomy in space (geometric distortion) due to the inherent configuration and design of a MR unit. 13 Nonlinear gradients and heterogeneities in the static magnetic field primarily contribute to geometric distortions in the image. 10, 12, 13 Since geometric distortions and electron densities are limited to the inherent differences in the acquisition process between MR and CT, it is critical that current MRgRT modalities rely on both CT and MR for treatment planning and treatment verification/treatment adaptation, respectively. End-to-end QA verifications performed for conventional radiation treatments have routinely focused on using a CT imager and a radiotherapy modality. However with the incorporation of MR in radiotherapy, it is important that end-toend QA tests expand to also include MR imagers. Current end-to-end QA phantoms used at the Imaging and Radiation Oncology Core at Houston (IROC-Houston) QA Center for credentialing purposes in National Cancer Institute (NCI) funded clinical trials are not MR-visible. As shown in Fig. 1 , tumor and surrounding tissue in IROC-Houston's anthropomorphic thorax phantom are distinguishable in CT images but are not in T1-and T2-weighted MR images. Dosimetrically, the phantoms are accurate but the plastics used to represent tumor and surround tissue in IROC-Houston's phantoms do not yield any MR signal, which makes these phantoms deficient as end-to-end QA phantoms for MRgRT. Other researchers have attempted to create dual MR/CT phantoms, but the phantoms are limited by either: shelf-life storage, require refrigeration or additives to prevent microorganism growth and therefore were not suitable for shipping to other RT institutions. [14] [15] [16] The aim of this study was to identify and characterize synthetic tissue equivalent (STE) materials that could be used to develop an anthropomorphic dual MR/CT QA phantom which would require minimal maintenance, and be used to credential RT institutions wishing to use MRgRT modalities in NCI-funded clinical trials.
MATERIAL AND METHODS
IROC-Houston's two anthropomorphic phantoms used most often are the heterogeneous thorax and homogeneous head and neck (H&N) phantoms. The thorax and H&N phantoms were previously described in detail by Followill and Molineu, respectively. 17, 18 Briefly, the current thorax phantom is a water fillable shell and contains two lungs made of compressed cork (one with a centrally located target made of nylon). Other organs at risk represented in IROC-Houston's thorax phantom include a heart and spinal cord composed of polystyrene and acrylic, respectively. In IROC-Houston's H&N phantom, the primary and secondary targets are constructed out of solid water and are surrounded by polystyrene. The polystyrene/solid water insert is enclosed into a water fillable plastic shell, which is shaped as a human head. For both phantoms, the materials used to simulate the targets and surrounding normal tissues are synthetic, rigid, and hydrogen-deficient. These materials are ideal for traditional QA phantoms since they do not require special storage conditions, require minimal maintenance, can easily hold radiation dosimeters, maintain their shape, are distinguishable using CT, and are dosimetrically similar to human tissue.
To develop an appropriate MRgRT QA phantom, it is vital that the materials used for this dual modality phantom are: (a) visible on both T1-and T2-weighted MR images, (b) visible on CT images, and (c) have comparable HUs and dosimetrically simulate tumor and surrounding tissue. Since IROC-Houston ships their end-to-end QA phantoms to other institutions, these materials must also satisfy nondosimetric characteristics. IROC-Houston's MR/CT-visible materials must also endure rough shipping conditions, show longevity without adding preservatives, maintain their physical structure (i.e., high melting point) and show a relative ease in manipulating the material to form a realistic tissue shape and hold dosimeters. A wide variety of materials (listed in Table I ) were tested for their dosimetric, MR and CT compatibility. The materials were first imaged using a MR and CT scanner. Based on the material's MR and CT assessment, a decision was made on what materials to continue with dosimetric testing. Potential materials examined for a MR/CT QA phantom included: nylon-based, siliconbased, acrylic-based, and gel-based materials. In addition to commercially purchased materials, some tested materials were manufactured in-house. The in-house mixtures incorporated mini Styrofoam balls with ranging diameters of 2-4 mm with either a petroleum-or silicone-based material. Combining a based material with Styrofoam balls created a heterogeneous material that could potentially be used to represent a synthetic lung equivalent tissue.
2.A. MR imaging
All materials listed in Table I were submerged in water and were scanned using four MR scanning protocols on a Siemen's Magnetom Espree 1.5 T MR scanner (Siemens Healthcare, Erlangen Germany). Common T1 and T2 MR sequences were chosen based on an assumption that similar sequences would be equipped in all of MRgRT treatment's imaging software. MR scans represented four different MR sequences that were either: (a) currently used in an MRgRT modality (TRUFI) or (b) shared similar sequences (T1-weighted and T2-weighted) that were expected to be equipped in all new MRgRT modalities. All materials were specifically scanned under a TRUFI sequence since ViewRay exclusively uses this sequence.
Four MR sequences, summarized in Table II , were used to image the testing material's MR properties. The water bath was used as a baseline to assess the material's contrast in various MR sequences. A T1-weighted image was obtained from a 3D gradient echo sequence and used the following parameters: FA = 25°, TR = 9.5 ms, TE = 4.68 ms, ETL = 1, NEX = 1. A true fast imaging with steady-state free precession sequence, commonly referred as a TRUFI sequence, was acquired with the following parameters: FA = 70°, TR = 4 ms, TE = 2 ms, ETL = 1, NEX = 1. Two additional T2-weighted images were also obtained for each material. The first T2-weighted image was a gradient sequence and had parameters of: FA = 120°, TR = 3200 ms, TE = 245 ms, ETL = 109, NEX = 2. The second T2-weighted image used a fluid-attenuated inversion recovery sequence, commonly referred as a FLAIR sequence, and had scanning parameters of: FA = 120°, TR = 5000 ms, TE = 336 ms, ETL = 109, NEX = 2.
2.B. CT imaging
All of the materials listed in Table I were submerged in a water bath and were scanned using a brain protocol on a GE Lightspeed CT simulator (General Electric Company, New York, NY, USA). The scanning parameters were: DFOV = 500.0 mm, 120 kVp, 275 mA, and slice thickness = 3 mm. The materials' HU were obtained after exporting the CT images into Philips IntelliSpace PACS Enterprise (Philips, Amsterdam, Netherlands) system.
2.C. Dosimetric properties
A dual MR/CT-visible end-to-end QA anthropomorphic phantom used in radiotherapy must also dosimetrically Above is a list of materials tested for a MR/CT-visible STE phantom. As displayed in the second column, testing materials were grouped as: plastic, synthetic gelatin, hydrocarbon, urethane, epoxy, silicone, and nylon-based materials. These material's HU were measured from a GE LightSpeed CT Simulator and are displayed in the third column. The materials were also imaged on a Siemen's Magnetom Espree 1.5 MR scanner using T1-and T2-weighted sequences. The fourth and fifth columns display whether the materials could visually be distinguished in T1-and T2-weighted images, respectively. Materials were visualized on a both T1-and T2-weighted sequences, and also shared reasonable HUs for either tumor, soft tissue, and lung materials were then dosimetrically tested. The last column displays whether or not a material was tested dosimetrically. If the material was tested dosimetrically, the final column displays if it was considered STE. represent human tissue. Percent depth dose (PDD) curves were obtained to determine the material's dosimetric properties on materials that were MR/CT-visible. As shown in Fig. 2 , a 10 cm 9 10 cm 9 20 cm rectangular phantom was constructed to determine the PDD for selected MR/CTvisible materials. The 20 cm long PDD phantom was divided into three sections: anterior, middle, and posterior, which had lengths of 5.0 cm, 10.0 cm, and 5.0 cm, respectively. The anterior and posterior sections were composed of polystyrene, whereas the middle section was substituted with materials that were visible on both CT and MR. Additionally, two materials commonly used in IROC-Houston's QA phantoms (compress cork and polystyrene) were included in this study to provide controlled PDD curves. The 6 MV beam from an Elekta Versa HD (Elekta, Stockholm, Sweden) was used to irradiate the PDD phantoms with three different field sizes of: 10 9 10 cm 2 , 6 9 6 cm 2 , 3 9 3 cm 2 . During each irradiation, EBT-3 radiochromic film was inserted into the midline of the PDD phantom. Additional 5 cm of polystyrene was placed around the PDD phantom which ensured proper scatter conditions. Within each field size, the PDD phantom was irradiated three times with a prescribed dose of 600 cGy to d max (d = 1.5 cm). It was also important to assess how accurate the experimental PDD curves compared to the treatment planning system (TPS). A treatment plan was created among the testing materials for each of the three field sizes. Using Pinnacle's treatment planning (Philips, Amsterdam, Netherlands), the dose from 0.5 to 17.0 cm was calculated and normalized to a depth of 1.5 cm using the collapsed cone dose algorithm. After the films were irradiated, a photoelectron CCD microdensitometer (Photoelectron Corporation, North Billerica, MA, USA) was used to capture the optical density of the film at the different depths of interest. The intensity of the film was then converted into dose and the dose at the varying depths was normalized to the dose at 1.5 cm.
RESULTS

3.A. MR properties
Most plastic, silicone, and gelatin-based materials tested were visible in both T1-and T2-weighted images. In-house mixtures were mostly visible on all four MR sequences. Specifically, testing materials that used either Polytek Development Corporation's Gel 25 or M-F Manufacturing Company's 100% Plastic Hardener were visible on T1-weighted images but were not visible on T2-weighted images. With few exceptions, most nylon, urethane, and epoxy-based materials were not visible on either T1-or T2-weighed MR sequences. Specifically, Smooth-On's Reoflex 20, Reoflex 30, VytalFlex 20, VytalFlex 30, and PMC 121/30 materials were all urethane-based and were only visible on T1-weighted images.
Materials that were heterogeneous and showed a random absence of signal were more favorable lung materials compared to the homogeneous substitutes since these materials were better representations of lung tissue. Heterogeneoustested materials were constructed in-house, and were combined with a base material (either Sonneborn's petroleum jelly or Polytek Development Corporation's silicon gels) and different concentrations of 2-4 mm miniature Styrofoam balls. Within the heterogeneous lung materials, miniature Styrofoam balls represented air pockets with no MR signal while the surrounding base materials generated MR signal.
MR visibility of potential lung equivalent materials greatly depended on the Styrofoam ball concentration. As the concentration of Styrofoam balls increased, the MR visibility greatly decreased since there was less signal from the surrounding materials. Among the in-house mixtures, the most visible lung substitute was a combination of 8.3% weight of Styrofoam balls and 91.7% of petroleum jelly (Fig. 3) .
Contrary to potential lung candidates, homogeneous materials better represented soft tissue and tumor substitutes. Potential soft tissue and tumor substitutes were not required to have the same gray-scale contrast as their human flesh counterparts, but these materials were required to have visible contrast between water and each other. Taking into account all four MR sequences, three materials (Clear Ballistics' Gel #20, M-F Manufacturing Company's 100% Liquid PVC Plastic, and Radiation Products Design Incorporation's Superflab) were shown to have the most visible contrast between water, each other and other testing materials. Therefore, Gel #20, 100% Liquid PVC Plastic and Superflab were chosen to be tested further as suitable soft tissue or tumor substitutes (Fig. 3) .
3.B. CT properties
The testing materials' (listed in Table I ) HU was measured from images acquired on GE's Lightspeed CT simulator. In general, homogeneous plastic, nylon, epoxy-based materials most resembled soft tissue and their HU's, ranging from, À29 to 65, 82 to 161, 63 to 72, respectively. Urethane-based materials showed a larger HU range of À45 to 78. Gelatinbased materials resembled more fatty-like tissues with HU's ranging from À164 to À175 whereas homogenous silicone materials resembled more contrast-enhanced soft tissue with HU's ranging from 185 to 319. In-house mixtures, that incorporated either silicone-or hydrocarbon-based materials, visually and numerically simulated lung-like materials with HU's that ranged from, À978 to À117 and À667 to À593, respectively. Similar to MR, the concentration of the Styrofoam balls directly affect their attenuation coefficient. Mixtures with greater Styrofoam ball concentrations had more air pockets which, enable the synthetic materials to better visually resembled lung tissue and had lower HU values. The four selected MR-visible materials were collectively imaged on GE's Lightspeed CT simulator and are displayed in Fig. 3(e) . Among the four selected MR-visible materials 100% Liquid PVC Plastic, and Superflab numerically represented soft tissue with HU of À10.4, and 59.9, respectively. Visually, the 100% Liquid PVC Plastic and Superflab materials had similar contrast as water, whereas Gel #20, showed a greater contrast relative to water and had a lower HU value of À170. Clear Ballistics' Gel #20 could potentially be used as either a fat or a tumor equivalent material since it did have lower HU value than water. Small fluctuations between mini Styrofoam balls and surrounding based materials in the heterogeneous mixtures created random signals that resemble high and low contrast areas. These random signals seen among in-house heterogeneous mixtures on a MR image were also comparable to random signal seen in lung tissue on a CT image. The in-house mixture with compositions of 8.3% of Styrofoam balls and 91.7% of petroleum jelly (which was previously selected as a potential synthetic lung substitute in MR) numerically resembled synthetic lung tissue with a HU of À685.
3.C. Dosimetric properties
The selected MR/CT-visible materials (in-house 91.7%/ 8.3% petroleum jelly/styrofoam mixture, Clear Ballistic Gel #20, and Liquid PVC Plastic) were further dosimetrically investigated. Since Superflab is currently used in the clinic as a tissue equivalent material, it was excluded from dosimetric measurement. Each selected material was irradiated under three different field sizes, then corresponding PDD curves were generated using the data from the TPS and radiochromic film. From a depth of 1.5 cm to 17 cm, the deviations between the film PDD and TPS PDD curves were determined for 10 9 10 cm 2 , 6 9 6 cm 2 , and 3 9 3 cm 2 field sizes. The greatest deviation between film and TPS PDD curves was found for the smallest field size for all materials. At a field size of 3 9 3 cm 2 the maximum deviation was: 12.2% at 17.0 cm for compress cork, 10.8% at 16.5 cm for the inhouse petroleum jelly styrofoam mixture, 7.1% at 16.5 cm for polystyrene, 4.1% at 12.5 cm for Gel #20, and 4.6% at 17.0 cm for 100% Liquid PVC Plastic (Table III) . While the greatest deviation between film and TPS PDD was shown for the 3 9 3 cm 2 field size, the average deviation for the 3 9 3 cm 2 field size for all of the materials was less than 6%. The mean deviation between film PDD and TPS PDD for the selected materials for the 10 9 10 cm 2 and 6 9 6 cm 2 field sizes were all less than 1.9%, and 2.8%, respectively. Quantitatively, the mean deviation for a 3 9 3 cm 2 field size the mean deviation for compress cork, the in-house petroleum jelly styrofoam mixture, polystyrene, Gel #20, and Liquid PVC Plastics were: 3.8 AE 3.60 cm, 5.9 AE 2.75 cm, 1.9 AE 2.02 cm, 1.5 AE 1.15 cm, and 2.0 AE 1.13 cm, respectively. At a field size of 3 9 3 cm 2 , the maximum deviation was: 12.2% at 17.0 cm for compress cork, 10.8% at 16.5 cm for, 7.1% at 16.5 cm for polystyrene, 4.1% at 12.5 cm for Gel #20, and 4.6% at 17.0 cm for 100% Liquid PVC Plastic (Table III) .
In addition to quantifying the maximum deviation between the film PDD and TPS PDD for each of the selected materials, the general shape of the tested material's PDD curves was compared with PDD curves of current IROCHouston's lung and soft tissue equivalent materials. The inhouse petroleum jelly/styrofoam mixture was compared to compress cork, which is commonly used as IROC-Houston's lung equivalent materials. Similarly, Gel #20, 100% Liquid PVC Plastic were compared to polystyrene, which is also commonly used as IROC-Houston's soft tissue equivalent materials. Collective PDD data for soft tissue and lung equivalent materials for the smallest (3 9 3 cm 2 ) and largest (10 9 10 cm 2 ) field sizes are shown in Fig. 4 . Overall, the general PDD curve for Gel #20, and 100% Liquid PVC Plastic agreed with the polystyrene curve and the in-house petroleum/styrofoam mixture was in agreement with the compress cork curve. While modest discrepancies between general curve shapes between compress cork and the in-house heterogeneous mixture were seen in all three field sizes, the 3 9 3 cm 2 PDD curve showed a slightly higher deviation around 16 cm, where the lung-to-tissue interface was located. The PDD phantom's CT, which was used in the TPS, was not image with film sandwich in between the two halves. Therefore, it is believed that the higher deviation between the film and TPS measure in the smallest field size was primarily due to the dose build up from the film. Additionally, the petroleum/styrofoam mixture had a slightly higher physical density than compressed cork, which translated to having a smaller charge particle disequilibrium than compressed cork.
DISCUSSION
The materials selected for MRgRT end-to-end QA phantoms for IROC-Houston were based off of three major criteria: practicality, reliability, and accuracy. Since IROCHouston credentials radiotherapy modalities by regularly shipping end-to-end QA phantoms to institutions, materials selected for a MR/CT-visible phantom needed to share practical characteristics that would ensure the phantom's shape and size remain constant over time. Materials that do not require specific shipping or storage conditions (i.e., could be left in room temperature, and insensitive to light) and show relative ease in constructing abnormal shapes were considered as practical materials. Prior to testing a material's imaging and dosimetric properties, the material's melting point was first investigated. The material's melting point was used to determine whether a material could withstand extreme temperatures during shipment. The highest temperatures a package may experience for domestic and international shipments are, respectively, 37.1°C and 45.5°C. 19 Therefore, it was important that potential candidates had melting points greater than 45.5°C. Specifically, the melting points for: Superflab, inhouse petroleum jelly styrofoam mixture, Gel #20, and Liquid PVC Plastics were: 93.3°C, 58.0°C, 92.2°C, and 121.1°C, respectively. The material's selection process was also judged based off of the material's reliability. Since IROC-Houston's QA phantoms are used for many years, the material's shape and consistency must remain constant over time (i.e., the materials must not deteriorate or dehydrate over time). The materials listed in Table I were tested for their reliability by sitting in room temperature for 3 months. All materials except for Clear Ballistics' Gel #4 and SuperStuff showed no forms of degradation. In addition to the practicality and reliability requirements, the materials selected for a MRgRT phantom had to be visible in common MR sequences, show comparable HU, and dosimetrically mimic their respective organ site.
Previously reported MR/CT-visible materials in the literature did not meet IROC-Houston's criteria since most of these materials shared short shelf lives and required refrigeration storage. [14] [15] [16] We tested over 80 materials, which could potentially be used to manufacture IROC-Houston's MRgRT TABLE III. A measured film PDD curve and a TPS PDD curve were generated for both current IROC-Houston's phantom materials and testing materials for a large (10 9 10 cm 2 ), medium (6 9 6 cm 2 ), and small (3 9 3 cm 2 ) field size. For each material (compress cork, petroleum/Styrofoam mixture, polystyrene, Clear Ballistic Gel #20, and M-F manufacture's liquid PVC plastic), the maximum deviation between the material's measured PDD and TPS PDD and the overall mean deviation between 0.5 cm to 17 cm were recorded. 4 . The four graphs are a summary of the PDD curve comparisons between IROC-Houston's current soft tissue and lung equivalent materials and testing materials for a large (10 9 10 cm 2 ) and small (3 9 3 cm 2 ) field size. The interfaces between the testing materials and polystyrene of the PDD phantom occur between 5 cm and 15 cm. All graphs show the current tissue substitute's film (red) and treatment planning (blue) PDD curves. The testing materials were then compared to current tissue's film and TPS PDD curves. The greatest curve deviation occurs for the lung equivalent material for the small field size. [Color figure can be viewed at wileyonlinelibrarycom] anthropomorphic phantoms. Most of the test materials shared comparable HU values as human tissue but were not visible on both T1-and T2-weighted MR images. Materials that were classified as either epoxy, urethane, or nylon-based sometimes showed contrast in T1-weighted images, but were consistently not visible in T2-weighted images. Either Polytek's silicone-based gels or Sonneborn's petroleum jelly was mixed with miniature Styrofoam balls in attempts to create various lung equivalent materials. Styrofoam balls were used to more realistically resemble a lung's heterogeneous appearance as viewed in MR and CT, and to lower the HU value. As we increased the concentration of Styrofoam balls, it created a more realistic lung attenuation coefficient, but consequently, became less visible in MR images. The in-house mixture of 8.3% Styrofoam balls and 91.7% petroleum jelly was selected as the most optimal material for a dual modality since it was a good compromised between MR image visibility and typical lung attenuation data.
Other promising MR/CT-visible materials were SmoothOn's Dragon Skin 30, Smooth-On's EcoFlex 50, and inhouse mixtures composed of different concentration of Polytek's Gel 00 and miniature styrofoam balls. These materials were further investigated for their dosimetric properties, but are not displayed in Fig. 4 since these materials: (a) had higher physical density than their respective organ sites, and (b) did not have good dosimetric properties.
The selected testing materials visually showed different contrast among the four MR scans. However, among the scans, TRUFI showed the smallest contrast between the selected MR-visible materials. All materials were imaged using a magnetic field of 1.5 T. Using a smaller magnetic field (i.e., 0.35 T) would generate a smaller net magnetic moment, which would consequently lower SNR. Lowering the magnetic field strength could change the material's T1 and T2 relaxation times which would consequently effect the MR contrast. In order to predict the contrast in a lower magnetic field, the material's T1 and T2 relaxations times would need to be calculated.
The measured PDD curves for the selected materials were comparable with their predicted PDD curves. The general PDD shape of IROC-Houston's typical soft tissue substitute, polystyrene, was most comparable to measured PDD curves of Clear Ballistics' Gel #20, and 100% Liquid PVC Plastic. Similarly, the general PDD curve shape of IROC-Houston's conventional lung equivalent material, compress cork, was comparable to the in-house styrofoam/petroleum jelly mixture's measured PDD curve. Soft tissue equivalent materials showed a closer PDD curve agreement than lung equivalent materials. While all PDDs showed expected curve shapes, small differences were only noted for the smallest field size (3 9 3 cm 2 ) between the testing materials' measured and predicted PDD curves.
CONCLUSION
It was determined that four testing materials were visible and distinguishable in both MR and CT and dosimetrically represent human tissue. The in-house 91.7% petroleum jelly/ 8.3% styrofoam ball mixture resembled lung tissue since its HU was À685, dosimetrically showed expect lung equivalent PDD curves, and visually showed random signal in both modalities. Superflab is currently used in the clinics as a tissue equivalent bolus, so it was only visually examined. It was determined as a potential material to use in a MR/CT-visible phantom, since Superflab was visible in both imaging modalities. Lastly, Clear Ballistics' Gel #20 and 100% Liquid PVC Plastic were determined to dosimetrically represent soft tissue, and were easily viewed in both MR and CT modalities and it was therefore determined that both Clear Ballistics' Gel #20 and 100% Liquid PVC Plastic are possible tumor equivalent substitutes for MRgRT end-to-end QA phantoms. 
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